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Abstract
The left atrial appendage (LAA) is a small chamber-like organ connected to
the left atrium (LA) of the heart. Studies have shown that this structure is im-
plicated in thrombus formation and thromboembolic events for patients with
the atrial fibrillation (AF). However, due to the highly complex and variable
shapes, the blood flow pattern and mechanism of thrombogenesis inside the
LAA are poorly understood. This study aims to analyze the hemodynamics
in the LAA and establish an approach to predict the potential of thrombus
formation in the LAA. Four patient-specific LA/LAA anatomical models and
four scaled LAA models are derived from computed tomography (CT) scans
and the corresponding blood velocity profiles at the mitral valve orifices are
obtained from ultrasound Doppler measurement for boundary conditions.
Several direct numerical simulations are carried out using a sharp-interface
immersed boundary method (IBM). From the flow field analysis, it is found
that the velocity and vorticity magnitude in the LAA are relatively low, which
indicates a more stagnant blood flow in the LAA. The LAA hemodynamic
metrics are then defined based on the clinically measurable parameters of the
patient-specific LAA morphology and the averaged and highest flow intensity
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in the LAA. The transport of a passive scalar in the LAA is also solved to inves-
tigate the blood washout rate in the LAA. Based on the evolution of the scalar,
the blood washout rate metrics are defined by the decay rate or final values of
the volume-averaged scalar concentration in the LAA. Finally, correlations are
derived between the two groups of metrics and the best correlation is found
to be between the decay rate of the volume-averaged scalar concentration in
the LAA and the metric associated with the hemodynamics at the neck region
of the LAA. Using this correlation, it may be possible to predict the blood
washout rate and the potential of thrombus formation in the LAA for more
effective individualized therapies.
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The atrial fibrillation (AF), the most common cardiac arrhythmia, usually
causes the dysfunction of the left atrium (LA), making it lose the ability
to contract properly and rhythmically[1]. Patients with AF often experience
rapid and irregular heartbeats, which change the hemodynamics in the LA and
cause blood stagnation in the left atrial appendage (LAA)[2, 3]. This abnormal
LA behavior has been found to be the leading cause of thromboembolic events,
such as strokes and vascular dementia[4]. It is also found that among patients
with AF, over 90% of LA thrombi are formed inside the LAA[5]. Therefore,
studying the function of the LAA and finding clinical solutions for the above
problem have been an increasingly crucial issue in the arena of LA disease
research.
The LAA, which is a protruding chamber starting from the muscle wall
of the LA, has a highly variable morphology from patient to patient, and this
makes it difficult to characterize the shapes[5]. The huge variation of patient-
specific geometry of the LAA, coupled with the complex hemodynamics
inside, make it even more difficult to determine the role of this chamber in
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the function of the LA[6], so it is hard to apply generally effective therapies to
patients. Currently, there are two available therapeutic options to reduce the
risk of thrombogenesis in the LAA: (i) oral anticoagulation; and (ii) surgical
exclusion or occlusion of the LAA[5]. Unfortunately, though both options may
be effective for certain groups of patients, they both have their own drawbacks.
On the one hand, oral anticoagulation may increase the hemorrhagic risk for
some patients[7, 8]. On the other hand, surgical exclusion or occlusion of the
LAA may cause unintended consequences, as the function of the LAA still
remains unknown[6] and the surgeries are highly complicated[5]. Thus, a
preferred clinical option for this problem is to apply individualized treatments
to prevent or reduce the potential of thrombus formation in the LAA.
Individualized treatments for patients will bring forth the demand for a
method to predict the current risk of thrombogenesis in the LAA. However, an
effective method for this has not been established yet. One possible method
is to classify the morphology of the LAA. According to Ref. [3], the shape
of the LAA is typically classified into four types: chicken wing, windsock,
cactus and cauliflower. It is known that non-chicken-wing LAA morphology
has a higher possibility than a chicken-wing type to experience blood stag-
nation and thrombus formation[3, 9]. Nevertheless, distinguishing one LAA
geometry from another is a subjective process and even among cardiovascu-
lar morphology specialists, an agreement of classification is hard to reach[6].
Moreover, in addition to the shape of the LAA, different patient-specific blood
flow conditions can also play an important role on the thrombus formation in
the LAA. Therefore, a method based solely on LAA morphology may not be
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an effective way to predict the risk of thrombogenesis in the LAA.
Some other researchers explored the relation between the hemodynamics
(especially the blood flow velocity) and thrombogenesis in the LAA. It is
found that low velocity in the LAA are related to a higher risk of thromboem-
bolic events[2, 10]. However, blood flow velocity is usually measured from
transesophageal echocardiographic (TEE) images and velocity information
is only available on a plane (e.g. LAA ostium) or at a certain spatial point
(e.g. LAA center)[6]. The comprehensive blood flow field in the entire LA
for one cardiac cycle cannot be obtained from the above measurement. This
kind of limited blood flow information may only provide a relatively simple
index and is unable to characterize the complicated hemodynamics in the
LAA. Some other measurement methods (e.g. 4D-flow magnetic resonance
imaging (MRI) technique) are expected to give more complete blood flow
information, but they are still in development.
Computational modeling approaches are good alternatives to obtain com-
prehensive blood flow field information in the LA/LAA. These methods have
been successfully applied to other cardiovascular problems such as coronary
artery diseases[11], the thrombogenesis in the left ventricles (LV)[12], and the
surgical planning for Fontan diseases[13]. There are several papers in the
literature using CFD to investigate the LAA thrombogenesis problem, but
most of them are based on synthetic LAA configurations or only one or two
patient-specific LAA anatomical models[5, 6, 14, 15, 16].
Although there are studies ongoing on this topic, few of the previous
studies combined patient-specific LAA morphology with the corresponding
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blood flow field in simulations and analyses. Few studies if any have pro-
posed metrics to quantify the blood washout rate in the LAA, which is a
direct evaluation of the blood stagnation in the LAA. Correlations are also
lacking between the above metrics and patient-specific hemodynamics and
morphology of the LAA, which can be used to predict the blood washout rate
as well as the risk of thrombogenesis in the LAA.
In the present study, four patient-specific models and the corresponding
blood flow conditions are employed to investigate the hemodynamics and
blood washout in the LAA by using DNS and IBM. In addition, four scaled
LAA anatomical models are also considered to study the effects of LAA size.
The simulated flow field are first examined, and the velocity and vorticity
magnitude are shown in plots to investigate the hemodynamics in the LAA.
From the observations, two clinically measurable LAA hemodynamic metrics
are then proposed based on the LAA morphology and the averaged and
highest velocity strength inside the LAA. To analyze the blood washout in the
LAA, a passive scalar is initially âĂIJfilledâĂİ in the LAA and the evolution
of this scalar is simulated by an advection-diffusion equation. Based on the
passive scalar transport, two metrics are then defined to quantify the blood
washout rate in the LAA. Correlations between the hemodynamic metrics and
the washout rate metrics are subsequently calculated. Finally, based on the
correlations, it is shown that one may use the LAA hemodynamic metrics to
estimate the degree of patientsâĂŹ blood washout rate in the LAA so as to




2.1 LA/LAA Anatomical Models
The patient-specific geometry of the left heart is obtained from the anonymous
CT scans in collaboration with the Johns Hopkins Hospital. The patient cases
we used were initially scanned for left ventricle thrombogenesis problems
without any known left atrial pathologies. Thus, the present study is focused
on the patient-specific blood washout rate in the LAA and its correlations with
the hemodynamics in the LAA rather than direct identification of LA/LAA
pathologies. Some important information of each case is listed in Table 2.1.
Table 2.1: Important information of each patient case
Patient-1 Patient-2 Patient-3 Patient-4
Stroke Volume (SV) (cm3) 81.29 124.28 155.80 100.96
LA Volume (VLA) (cm3) 46.19 103.84 104.32 78.14
LAA Volume (VLAA) (cm3) 1.71 4.30 7.42 3.93
LAA Neck Area (Sneck) (cm2) 0.82 2.17 1.84 1.35
Heart Rate (HR) (bpm) 52.00 55.00 60.00 70.00
E/A Ratio 1.76 1.26 0.74 0.65
The CT scan data are segmented in the commercial software Materialise
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Mimics for the LA/LAA by using a masking function. The masking function
for each case is generated by a dynamic region growing method with a suit-
able threshold difference. This raw masking function is then smoothed and
wrapped to filter out unnecessary and non-physical minor details. The 3-D
reconstruction of anatomical models based on the masking functions are then
created for each case as shown in Figure 2.1.
Patient-1 Patient-2
Patient-3 Patient-4
Figure 2.1: LA/LAA anatomical models
These cases are chosen specifically to include typical LAA shape types,
which are the Chicken wing models (Patient-1, Patient-4), the Cactus model
(Patient-2) and the Windsock model (Patient-3). For each case above, the
pulmonary veins (PV) are cut off perpendicularly to form openings around
their first bifurcations and the mitral valve orifice (MVO) is created manually
based on the anatomical structure. To simplify the application of boundary
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conditions, the outline of all the openings is extruded naturally to form tubes
with a suitable length. Each model is then fit into a Cartesian domain for the
IBM simulations. The unstructured surface meshes for the 3-D anatomical
models above are generated by another commercial software Materialise 3-
matic with triangular elements for the internal solid boundaries. The surface
mesh for each case is constructed with over 40,000 elements to accurately
resolve critical anatomical structures.
2.2 Numerical Methods
The flow simulations are performed with an in-house immersed boundary
based flow solver[17]. The blood flow is simulated by solving the incompress-
ible Navier-Stokes (INS) equations (Eq. 2.1) with a direct numerical simulation
(DNS) method.
∇ · u⃗ = 0
∂u⃗
∂t




In Eq. 2.1, u⃗, t, ρ, p, ν denote for the blood flow velocity, time, blood
density, flow pressure and blood kinematic viscosity, respectively. The INS
equations are solved by a sharp-interface immersed boundary method in
order to handle the complex LA/LAA geometry. A projection method[18] is
used for the velocity-pressure coupling and second order numerical schemes
are applied for temporal and spatial discretization. For the Pressure Poison
Equation, the bi-conjugate gradient (BiCG) method is implemented to speed
up the process of solving the linear system[19].
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2.3 Boundary Conditions
The surface meshes of the 3-D anatomical models shown above are taken as
internal solid boundaries. Although, for real cases, LA/LAA are deformable
during one cardiac cycle, we assume that the LA/LAA walls are stationary
in the present study. The impact and limitations about this treatment will be
discussed in the Limitation section. A no-slip condition is imposed on those
internal boundaries. At all inlets of the PV tubes, a zero-gradient boundary
condition is imposed for the axial velocity. While, at the outlet, patient-
specific velocity profiles are assigned to the axial velocity of the MV tube
as a prescribed Dirichlet condition. In order to obtain the velocity profiles,
ultrasound Doppler measurement of the time history of the blood flow velocity
through the MVO as well as the E-wave/A-wave (E/A) ratio for each case
(see Figure 2.2) are used. The MVO velocity profiles usually have two peaks
in each cardiac cycle; the first peak is the E-wave and the second one is the
A-wave. They correspond to the expansion of the LV and the contraction of the
LA respectively. Based on the E/A ratios and the left ventricle stroke volume
calculated from the CT scans, exponentially altering sinusoidal functions are
then used to reconstruct the patient-specific velocity profiles at the MVO (see
Figure 2.2). This method is based on the Simple Harmonic Oscillator (SHO)
Model which has been verified with the patient data in Ref. [20].
For the radial and the tangential velocity components at the outlet of the
MV tube, a zero-gradient, slip condition is imposed.
As for the pressure boundary conditions at the inlets and the outlet, the
zero-gradient condition is used again.
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Patient-1, E/A = 1.76
Patient-2, E/A = 1.26
Patient-3, E/A = 0.74
Patient-4, E/A = 0.65
Figure 2.2: Ultrasound Doppler measurement and reconstructed velocity profiles
9
2.4 Characteristic Parameters
To parameterize the simulations, the maximum diameter of the MVO for each
case is chosen as the characteristic length scale D, and the time averaged axial
velocity at the outlet of the MV tube during each cardiac cycle is selected as the
characteristic velocity scale V. The flow Reynolds number (Re) is then defined
as Re = VD/ν, where ν is selected to be 3.8 × 10−6 m2/s, a typical value
for blood kinematic viscosity. For the cases in the present study, Reynolds
numbers vary between 1235 to 2013. The time step size in real dimension,
dt = 1× 10−4 s, is used for the simulations and the non-dimensional time step
size then vary from 2.8 × 10−4 to 6.2 × 10−4.
2.5 Passive Scalar in the LAA
A passive scalar is initially filled into the LAA of each case (see Figure 2.3).
Acting like a fluid dye, the passive scalar is able to represent the convection
and diffusion of blood and provide quantitative information about the blood
washout rate in the LAA. In Figure 2.3, C denotes for the scalar concentration.
Patient-1 Patient-2 Patient-3 Patient-4
Figure 2.3: Initial condition for passive scalar
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The evolution of the passive scalar is calculated by solving an advection-
diffusion equation (Eq. 2.2) which represents the transport of the scalar in the
















In the Eq. 2.2, x, Re, Sc denote for the general spatial coordinates, Reynolds
number and Schmidt number, respectively. The Schmidt number for all
the cases in the present study is one. Though the Schmidt number for real
chemicals in humanâĂŹs blood can have a different value, the main focus of
the present study is to simulate the transport of a general scalar and develop
an approach to correlate the LAA blood washout rate metrics with the LAA
hemodynamic metrics. Once the approach is validated, more simulations with
different Schmidt number can then be carried out for any specific condition.
After the simulations are completed, the patient-specific blood washout rate
in the LAA is quantified based on the decay rate of volume-averaged scalar
concentration (Cva) inside the LAA or the final values of the Cva in the LAA.
2.6 Simulation Procedures
To perform the blood flow/passive scalar transport simulations, all the cases
are started with two patient-specific cardiac cycles to achieve the fully devel-
oped blood flow field. Then, all the simulations are continued with additional
four patient-specific cardiac cycles including the scalar transport. After six
cardiac cycles in total for each case, all the data are collected for the analysis





One of the main objectives of the present study is to find the correlations
between the LAA hemodynamic metrics and the blood washout rate metrics
in the LAA. Therefore, to define the LAA hemodynamic metrics, the patient-
specific blood flow field should be examined first and some variables relating
to the hemodynamics in the LAA should be proposed. In Figure 3.1, four
frames of contour plots of the velocity magnitude in one cardiac cycle are
presented. The contour plots are shown on the plane across the LA and the
LAA for each case at time instances of E-wave peak, E-wave end, A-wave
peak and A-wave end.
During the time period of the E-wave peak, the MV is open and blood
flows out of the LA through the MVO. For the present simulated cases, the
blood flows are driven out from the LA by the prescribed velocity boundary
conditions at the MVO. During the E-wave period, the velocity magnitude
in the LA can reach a relatively large value but the velocity magnitude in the
12
E-wave Peak E-wave End A-wave Peak A-wave End
Patient-1, E/A = 1.76
E-wave Peak E-wave End A-wave Peak A-wave End
Patient-2, E/A = 1.26
E-wave Peak E-wave End A-wave Peak A-wave End
Patient-3, E/A = 0.74
E-wave Peak E-wave End A-wave Peak A-wave End
Patient-4, E/A = 0.65
Figure 3.1: Contour plots of velocity magnitude (m/s)
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LAA remains small. The high velocity in the LA cannot propagate deep into
the LAA. As the MV closes around the E-wave end, the blood flow intensity
inside the LA is dissipated by viscous effects, so the velocity magnitude in the
LA decreases as well. At the same time, the velocity magnitude in the LAA
still remains a small value. Similarly, during the A-wave period, the velocity
magnitude in the LA will increases and decreases again by similar effects, but
the velocity magnitude in the LAA will remain at a relatively small value all
along the A-wave period. Comparing the four cases in Figure 3.1, one obvious
difference among the cases is that the peak velocity magnitude of each case
happens at different time instances. Since the E/A ratios of the Patient-1 and
Patient-2 cases are larger than one, the velocity magnitude in the LA of them
has a higher value around the E-wave peak than around the A-wave peak. On
the contrary, as the E/A ratios of the Patient-3 and Patient-4 cases are smaller
than one, the velocity magnitude in the LA of them around the E-wave peak
now is smaller than that around the A-wave peak.
Generally, it is observed that the velocity magnitude inside the LAA is
relatively small compared to that in the LA. It is also clear that the velocity
magnitude at the neck of the LAA can reach a relatively large value. As you
go deeper into the LAA, the velocity magnitude will keep decreasing and
reaches its smallest values at the tip of the LAA.
3.2 Vortical Structures
In Figure 3.2, four frames of the iso-surface plots of the second invariant
of velocity gradient (Q) for each case are presented to visualize the vortical
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structure in the LA/LAA at the same four time instances as in Figure 3.1. The
plots are colored by vorticity magnitude with patient-specific ranges so we
can see the distribution and compare the value of it at different locations.
Comparing with the contour plots of the velocity magnitude in Figure 3.1,
similar developing trends of the vorticity as well as the vortical structures in
the LA/LAA can be observed in Figure 3.2. At the beginning of the E-wave
period, the vorticity starts to increase and the vortical structures begin to be
generated in the LA as the flows are driven out from the LA by the prescribed
velocity boundary conditions at the MVO. Relatively large vorticity magnitude
can be observed in the LA, but it remains a small value inside the LAA. After
the E-wave peak, the vorticity starts to be dissipated by viscous effects and
the vorticity magnitude begins to decrease. At the end of the E-wave period,
the MV is closed and the vorticity magnitude will keep decreasing to a small
value until the start of the A-wave period. Similar developing patterns of the
vortical structures as well as the vorticity magnitude will be observed during
the A-wave period but with different peak vortical intensity. For Patient-1 and
Patient-2, since their E/A ratios are larger than one, the peak vortical intensity
around the A-wave peak is lower than that around the E-wave peak. On the
contrary, for Patient-3 and Patient-4, as their E/A ratios are smaller than one,
they will have a higher peak vortical intensity around the A-wave peak than
around the E-wave peak.
Some general conclusions can be drawn from the plots in Figure 3.2.
Though strong vorticity is observed in the LA, the vorticity in the LAA is rela-
tively weak and the strong vorticity in the LA does not propagate far into the
15
E-wave Peak E-wave End A-wave Peak A-wave End
Patient-1, E/A = 1.76
E-wave Peak E-wave End A-wave Peak A-wave End
Patient-2, E/A = 1.26
E-wave Peak E-wave End A-wave Peak A-wave End
Patient-3, E/A = 0.74
E-wave Peak E-wave End A-wave Peak A-wave End
Patient-4, E/A = 0.65
Figure 3.2: Iso-surface plots of Q colored by vorticity magnitude (1/s)
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LAA. Similar to the velocity filed in Figure 3.1, the vorticity magnitude near
the neck of LAA can reach a relatively larger value, but as you go deeper into
the LAA, the vorticity magnitude will keep decreasing to its smallest values
at the tip. Moreover, if we combine the results from the previous section, it is
also clear that the blood flows are more stagnant inside the LAA than outside,
which may represent a higher potential of thrombus formation. Similar results
and conclusions can also be found in the literature[14].
From the analyses of the velocity magnitude and the vortical structures
above, one can find that the highest flow intensity is at the neck region of the
LAA. The deeper you go into the LAA, the lower the flow intensity will be.
According to the flow intensity distribution in the LAA, one intuitive way to
define the LAA hemodynamic metrics is to define them based on the averaged
or the highest flow intensity in the LAA. Thus, some variables relating to the
highest flow intensity at the neck region or the averaged flow intensity over
the entire LAA can be proposed as the LAA hemodynamic metrics. To get
these candidate variables, a more quantitative analyses of the flow intensity at
the neck region and over the entire LAA are shown in the next section.
3.3 Averaged Velocity Curves
In this section, the analyses of the flow intensity at the neck region and inside
the LAA is presented. To quantify the flow intensity at one location, a good
method is to use some velocity strength variables. Thus, two averaged velocity
variables, vave and vneck, are proposed to evaluate the velocity strength at the
two locations, respectively. The exact definitions of vave and vneck are presented
17











In Eq. 3.1, subscript LAA denotes that the integration is performed over
the entire volume of the LAA and VLAA represents the volume of the LAA.
Similarly, in Eq. 3.2, subscript neck denotes that the integration is performed
over the area of the cross-section plane at the neck region of the LAA and
Sneck means the area of the plane. n⃗neck represents the unit normal vector on
the plane pointing into the LAA. For the cases in the present study, the LAA
neck cross-section planes are all defined manually so that they can naturally
separate the LAA from the LA. Based on the definitions above, one can find
that vave is the volume-averaged velocity magnitude over the whole LAA and
vneck is the area-averaged velocity magnitude along the n⃗neck direction over
the LAA neck cross-section plane.
Time histories and time averaged data of vave and vneck for each case are
presented in Figure 3.3 and the values of some important hemodynamic
parameters of four patient cases are listed in Table 3.1.
Table 3.1: Hemodynamic parameters for the four patient cases
Patient-1 Patient-2 Patient-3 Patient-4
Stroke Volume (SV) (cm3) 81.29 124.28 155.80 100.96
LA Volume (VLA) (cm3) 46.19 103.84 104.32 78.14
Relative Flow Rate (SV/VLA) 1.76 1.20 1.49 1.29
E/A Ratio 1.76 1.26 0.74 0.65
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In Figure 3.3, N denotes for the cycle number and subscript s represents
the start time instance. T denotes for the patient-specific cardiac cycle period
and subscript i represents the ith patient case. From the above plots, we can
find that the time histories of vave and vneck for the four cases have four similar
peak regions, each of which corresponds to the simulation of one cardiac cycle.
Inside one peak region, though not always clear for some cases, vave and vneck
usually have two peak values which correspond to the E-wave and A-wave
respectively. However, due to the difference of the E/A ratios, the higher peak
can be different from patient to patient. Since the E/A ratios of the Patient-1
and Patient-2 cases are larger than one, the values of vave and vneck of the two
cases tend to have a higher first peak during a cardiac cycle. On the contrary,
for the Patient-3 and Patient-4 cases, as the E/A ratios of them are smaller
than one, the peaks of vave and vneck related to the A-wave are usually the
higher ones.
Generally, for all cases, the peak values as well as the time averaged values
of vneck are always larger than those of vave, but the differences between the
time averaged values of the two variables are small. Though the velocity
boundary conditions at the MVO (see Figure 2.2) and the relative flow rate
SV/VLA (see Table 3.1) are different among all cases, the peak and averaged
values of vave for each case are about the same order (O(1)), showing that the
variable vave is not quite sensitive to either of them. Nevertheless, the peak
values of vneck are quite different among the above cases. From Figure 3.3, we
can find a descending sequence of the four cases based on their peak values
of vneck. Not surprisingly, if we compare the four cases by their peak values
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of the boundary velocity profiles from Figure 2.2 or by the relative flow rate
SV/VLA from Table 3.1, we can find the exactly same sequence of them. That
means, unlike vave, the peak values of vneck have a positive relation with the
peak values of the velocity boundary conditions at the MVO and the relative
flow rate SV/VLA.
Based on the definitions and the quantitative analyses of vave and vneck
above, we believe that vave can be considered as an evaluation of the averaged
flow intensity inside the LAA. While for vneck, as it always has a higher value
than vave and is an averaged velocity magnitude at the neck region of the
LAA, it can be depicted as a variable that describes the relatively highest flow
intensity in the LAA. Thus, both of them are related to the hemodynamics
and the blood washout in the LAA, so they can be used to define the LAA
hemodynamic metrics.
3.4 Scalar Concentration (C)
After we obtain the LAA hemodynamic metrics, we then need to look into the
simulation results of the passive scalar transport so as to determine the blood
washout rate metrics in the LAA. Initially, the passive scalar of each case is
âĂIJfilledâĂİ into the LAA and the scalar concentration C in the LAA is set
to be one (see Figure 2.3). To visualize the evolution of the passive scalar, the
multi-layer iso-surface plots of C are presented in Figure 3.4 for all the patient
cases at the end of each cardiac cycle.
Shown in Figure 3.4, as time goes, for all the cases, the passive scalar is
continuously washed out from the LAA. However, due to the patient-specific
21
N = 1, Cva = 0.48 N = 2, Cva = 0.33 N = 3, Cva = 0.25 N = 4, Cva = 0.22
Patient-1
N = 1, Cva = 0.48 N = 2, Cva = 0.31 N = 3, Cva = 0.20 N = 4, Cva = 0.13
Patient-2
N = 1, Cva = 0.63 N = 2, Cva = 0.49 N = 3, Cva = 0.41 N = 4, Cva = 0.35
Patient-3
N = 1, Cva = 0.63 N = 2, Cva = 0.48 N = 3, Cva = 0.41 N = 4, Cva = 0.34
Patient-4
Figure 3.4: Washout of passive scalars
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LAA geometry and the blood flow conditions, the final Cva in the LAA are
different from patient to patient. By comparing the values of Cva at N = 4
among all the cases, Patient-3 has the largest final Cva while Patient-2 has
the smallest final Cva. Moreover, the values of C also show that the passive
scalar is not evenly distributed inside the LAA. As shown in Figure 3.4, the
values of C at the tip of all the LAA are relatively higher than those at the neck
region of the LAA. From the previous sections, one can find that the blood
flow intensity is relatively low inside the LAA and the deeper you go into
the LAA, the lower the flow intensity you will observe. This will affect the
blood flow convection and inhibit the passive scalar transport, resulting in the
non-uniform distribution of C inside the LAA.
To get the candidate variables for the blood washout rate metrics in the
LAA, we need to quantify the washout rate of the passive scalar. Therefore, an
exponential fitting method is then applied to the time histories of the passive
scalar for all the cases in the next section.
3.5 Washout Rate in the LAA
To quantify the washout rate, the time history of the Cva in the LAA for
each case is calculated and presented in Figure 3.5. An exponential decaying
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function (Eq. 3.3) is then applied to fit with the data of each case.
Cva,i(t) = Aie





i−tsi ) − 1




i ) = C
e
va,i
i = 1, 2, 3, 4
(3.3)
In Eq. 3.3, Cva,i denotes for the Cva in the LAA for the ith case and R
represents the decay rate. A is a coefficient used to adjust the curve of each
case to pass the first and the last data points. Superscripts s, e denote for the
start and end time instances of each variable, respectively. The fitting results
are presented in Figure 3.5 with red dashed curves.
For all cases, the exponential fittings have an average r2 ≈ 0.95, which
demonstrates a good fitting quality. The inverse of the decay rate 1/R of each
curve, which has the unit of time, can then be used as one of the metrics to
evaluate the blood washout rate in the LAA. For example, if one patient case
has an intense blood washout from LAA, the 1/R value will be expected to
have a small value. On the contrary, if the blood washout is weak, the 1/R
value should be high. In addition to 1/R, the Ceva of each case, which is the
values of Cva at the end of the simulations, can also be considered as another
metric for the blood washout rate in the LAA.
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r2 = 0.91, R = 1.09, 1/R = 0.92 r2 = 0.93, R = 0.89, 1/R = 1.12
r2 = 0.98, R = 0.76, 1/R = 0.32 r2 = 0.93, R = 0.75, 1/R = 1.34
Figure 3.5: Exponential fittings for passive scalar washout
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3.6 LAA Hemodynamic Metrics
With the simulation results above, two important averaged velocity variables,
vave and vneck, are defined and analyzed. Instead of directly using vave and
vneck as the LAA hemodynamic metrics, it is better to introduce some more
parameters and derive the metrics with the same unit as the blood washout
rate metrics. Since one of the blood washout rate metrics, 1/R, has the unit
of time, it is intuitive to define some length scale parameters from the mor-
phology of the LAA and then combine with the velocity variables to derive
some time-scale LAA hemodynamic metrics. Considering the geometry of
the LAA, one possible way to define the length scale parameter is to use the
volume (VLAA), the neck cross section area (Sneck) and the surface area (Ssur f )










In Eq. 3.4, Lsur f represents the overall size of the LAA, while Lneck approxi-
mates the overall length of the LAA. Then, combined with vave and vneck, two













te − ts .
(3.5)
Because vave and vneck are functions of time, so in Eq. 3.5 we take the
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time averaged of Lsur f /vave and Lneck/vneck from ts to te. In the later section,
correlations will be evaluated and shown between the blood washout rate
metrics in the LAA (1/R, Ceva) and the LAA hemodynamic metrics (τave, τneck)
for all the cases. Before that, the scaled LAA cases are discussed first in the
following section.
3.7 Additional Cases with Scaled LAA Models
Correlations with only the four cases above are, however, not very convinc-
ing. Thus, in order to add more data points as well as to study the effect of
different LAA sizes on τave or τneck, the LAA of Patient-1 and Patient-2 are
approximately shrunk to 80% and enlarged to 120%, adding four more cases
to the analysis. The 3D computer graphics software Blender is now used to
complete the modification. The unstructured mesh of the LAA part is first
selected and the volume of it is scaled to the desired percentages. The mesh
of the neck region of the LAA will then be reconstructed and smoothed to
guarantee the geometry continuity between the LA and the scaled LAA. The
3D anatomical models of the additional cases are presented in Figure 3.6.
Following this, similar simulations and analyses are performed with the
four additional cases and the correlations now can be calculated with eight
data points. Note that due to the highly non-linear nature of the fluid dynam-
ics, it is not necessarily expected that this 20% changes will lead to a linearly
proportional change in the metrics.
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Patient-1 Patient-1, 80% LAA size Patient-1, 120% LAA size
Patient-2 Patient-2, 80% LAA size Patient-2, 120% LAA size
Figure 3.6: Anatomical models for scaled LAA cases
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3.8 Correlations between Metrics
In this part, correlations between two groups of metrics will be established.
The metrics are shown in Table 3.2 and the values of them for each case are
shown in Table 3.3.
Table 3.2: Groups of metrics for correlations





Table 3.3: Values of metrics for eight cases
Patient-1 Patient-1, Patient-1,
80% LAA 120% LAA
(1/R) (s) 0.92 0.67 1.39
Ceva 0.22 0.12 0.30
τave (s) 0.047 0.029 0.053
τneck (s) 0.34 0.23 0.68
Patient-2 Patient-2, Patient-2,
80% LAA 120% LAA
(1/R) (s) 1.12 0.50 1.12
Ceva 0.13 0.029 0.14
τave (s) 0.044 0.029 0.066
τneck (s) 0.34 0.22 0.48
Patient-3 Patient-4
(1/R) (s) 1.32 1.34
Ceva 0.35 0.34
τave (s) 0.066 0.059
τneck (s) 0.54 0.60
The resulting plots of the correlations between two metrics from the two
groups respectively are then presented in Figure 3.7.
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r2 = 0.73, p − value = 0.0069 r2 = 0.87, p − value = 0.00076
r2 = 0.51, p − value = 0.045 r2 = 0.72, p − value = 0.0081
Averaged Fitting Quality: r2 ≈ 0.71, p − value ≈ 0.015
◦ Patient-1; + Patient-1, 80% LAA; ∗ Patient-1, 120% LAA; × Patient-2; □ Patient-2,
80% LAA; ♢ Patient-2, 120% LAA; △ Patient-3; ▽ Patient-4; — Fitted Curves
Figure 3.7: Metrics correlations for eight cases
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From the plots in Figure 3.7, the correlations between 1/R and τneck has
the highest r2 and the lowest p − value, indicating the best fitting quality
and the highest correlation probability. Comparing the correlations with the
blood washout rate metrics 1/R and Ceva, one can find that those with 1/R
have an averaged r2 ≈ 0.80 and an averaged p − value ≈ 0.0038, while those
with Ceva have an averaged r2 ≈ 0.62 and an averaged p − value ≈ 0.027,
showing that the LAA hemodynamic metrics are better correlated with 1/R
than with Ceva. Moreover, for the LAA hemodynamic metrics τave and τneck,
the correlations with τneck have an averaged r2 ≈ 0.80 and an averaged
p − value ≈ 0.0044, while those with τave have an averaged r2 ≈ 0.62 and
an averaged p − value ≈ 0.026, showing that the blood washout rate metrics
are better correlated with τneck than with τave. From the analysis above, one
can see that τneck and 1/R may be a better metrics combination to predict the
blood washout rate and the potential of thrombus formation in the LAA from
patient-specific LAA hemodynamic conditions.
Naturally, with a larger LAA size, the blood washout rate in the LAA
should decrease, since a larger volume of the LAA means a larger volume of
blood needed to be washed out. As the washout rate decreases, the inverse of
the scalar decay rate 1/R and the final values of the volume-averaged scalar
concentration Ceva should increase if they can correctly represent the washout
rate in the LAA. The two LAA hemodynamic metrics τave and τneck should
also increase if they can correctly correlate with the washout rate metrics
1/R and Ceva. Comparing the original and scaled LAA cases of Patient-1 and
Patient-2 in Figure 3.7, we can find that under the same blood flow boundary
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conditions, the larger the volume of LAA is, the larger the values of τave, τneck,
1/R and Ceva will be. This shows that the washout rate metrics in the LAA can
correctly represent the washout rate and the LAA hemodynamic metrics can
correctly correlate with the washout rate metrics. It also reveals that with a
larger LAA size, the blood flow in the LAA tends to be more stagnant so the




In the present study, all the internal boundaries were considered stationary,
which excluded the patient-specific LA motions. That is because the main
focus of the present study is to find the blood washout rate metrics in the
LAA and their correlations with the LAA hemodynamic metrics, and we
believe that the LA/LAA motion will not alter the correlations we have found.
Previous studies[5, 21] also have shown that including LA motions mainly
influences the flow in the LA rather than in the LAA, and this should not
influence the blood residence time and the washout rate in the LAA too much.
However, we will investigate the effects of LA/LAA motion on blood washout
rate and the correlations with the hemodynamic metrics in the future study.
It is also a limitation that the PV inlet boundary conditions are simplified by
assuming zero-stress conditions in this study. A lumped element type model
can be employed at these inlet boundaries to obtain more specific pressure
boundary conditions. However, not only is it difficult to obtain patient-specific
parameters for the lumped element model, this refinement will not have a
huge impact on the flow patterns in the LA and the LAA. Therefore, the blood
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washout rate in the LAA will also not be influenced significantly by such a
change.
Though τneck shows an excellent correlation with the blood washout rate
metric 1/R, doing simulations and correlations with a total of eight cases is
likely not enough to make it a general conclusion. Therefore, in the future,
more patient-specific LA/LAA cases will be investigated, especially including




In this study, to investigate the blood washout rate in the LAA and to find
the correlations with the LAA hemodynamic metrics, flow and passive scalar
transport simulations are carried out for the patient-specific and scaled LA/LAA
anatomical models also with the patient-specific velocity boundary conditions.
According to the flow field observations, the blood flow inside the LAA is
more stagnant than outside, showing a higher potential of thrombus forma-
tion. It also shows that the deeper you go into the LAA, the lower the flow
intensity you will observe. Based on the quantitative analyses of the flow
intensity, two averaged velocity variables are proposed to represent the aver-
aged and the highest flow intensity in the LAA, respectively. Then, combined
with the LAA geometry length parameters, the LAA hemodynamic metrics
are defined for the correlations with the washout rate metrics.
As for the blood washout rate metrics in the LAA, by fitting an exponential
function to the time history of the volume-averaged passive scalar concentra-
tion in the LAA for each case, the decay rates of the functions are obtained
and the inverse of them are used for the metrics. Also, the final values of the
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volume-averaged passive scalar concentration in the LAA can be considered
as another metric.
Based on the two groups of metrics derived above, correlations between
them are calculated and analyzed. The results show that the correlations with
the inverse decay rate washout metric have better fitting quality than those
with the final scalar concentration washout metric. The results also show
that the correlations with the highest flow intensity metric are better than
those with the averaged flow intensity metric. The most relevant correlation
is the one between the inverse decay rate washout metric and the highest flow
intensity metric.
Though in need of further improvement and more patient-specific cases
to validate, the numerical approach developed in this study enables us to
investigate the blood washout rate in the LAA and its relationship with the
LAA hemodynamic metrics. It also provides insight into the development of
new diagnostic method for the LAA thrombosis. According to the results and
analyses above, it is shown that the LAA hemodynamic metirc related to the
neck region of the LAA can be used as a good prediction of patient-specific
blood washout rate, so it can also help predict the potential of thrombus
formation in the patient-specific LAA. Thus, with a more reliable prediction,
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